Sublethal concentrations of azadirachtin incorporated into artificial diet and offered to third-instar larvae of Spodoptera littoralis (Boisduval) prolonged larval instars and reduced food intake. These effects were observed after the treated larvae had been transferred to plain diet; the reduced food intake was therefore a secondary antifeedant effect. Azadirachtin did not influence digestion efficiency but diminished the ability of the larvae to convert both ingested and digested nutrients into growth, particularly immediately after treatment. This effect declined with time once the treatment with azadirachtin had ceased. Growth was more severely reduced than food intake, and the reduction in growth also occurred during periods when food intake was not affected, possibly due to post-ingestive effects.
Introduction
The neem tree, Azadirachta indica (Meliaceae), produces a variety of substances with antifeedant and growth disruptive action on insects. The limonoid azadirachtin, first isolated by Butterworth & Morgan (1968) , is considered the most potent compound.
Lepidoptera are among the organisms most sensitive to neem extracts (Schmutterer & Singh, 1966) . Even at sublethal concentrations, azadirachtin affects the development of the cotton leafworm Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae). The larval instars are prolonged and the rela tive growth rate of the insect is reduced (Carvalho, 1996) .
The rate of development of insects has a strong nutritional component. Food intake by larvae, as well as the quality of food ingested, affects growth rate, development time, final body weight and survival (Slansky & Scriber, 1985) . Azadirachtin and neem seed extracts affect food intake by *Author for correspondence *Fax: 0118 9750 630 E-mail: h.f.vanemden@reading.ac.uk exerting strong direct antifeedant effects against a wide range of insect species (Warthen, 1989; Mordue (Luntz) & Blackwell, 1993) , including S. littoralis (Meisner et ai, 1981a,b; El-Sayed, 1982; Simmonds & Blaney, 1984; Ley et ai, 1989; Blaney et ai, 1990) . Food intake is reduced or even sup--pressed, depending on the insect species and the concentration of azadirachtin. As a result, insect growth and development can be impaired.
However, there is also some evidence of secondary antifeedancy, i.e. of an indirect action of azadirachtin on insect feeding behaviour. Azadirachtin can reduce food intake of treated insects even after they have been returned to untreated diet. Oral cannulation of azadirachtin and haemolymph injection into S. littoralis last-instar larvae resulted in reduced food consumption (although not quantified), whereas topical application did not cause such decreases (Simmonds et ai, 1990) . Also, reduction in food intake by locust nymphs after injection of azadirachtin into the haemocoel was observed by Mordue (Luntz) et ai. (1985) . Similar results were reported for larvae of the phytophagous Epilachna varivestis Mulsant (Coleoptera: Coccinellidae) after they had fed on treated leaves (Rembold, 1989) . However, the consumption index of larvae of Manduca sexta (Johannsen) (Lepidoptera: Sphingidae) was not reduced after injection (Timmins & Reynolds, 1992) or of larvae of Peridroma saúda (Húbner) (Lepidoptera: Noctuidae) after topical application of azadirachtin (Koul & Isman, 1991) .
Besides an adequate levei of ingestion of nutrients, assimilation and conversion of food into energy and biomass are also related to insect growth (Reese, 1978) . Azadirachtin has been shown to interfere with digestibility and efficiency of conversion of ingested food in several species of insects (Fagonee, 1984; Arnason et ai, 1985; Ayyangar & Rao, 1989; Timmins & Reynolds, 1992) , although the reports are not consistent.
In this study, the effect of direct feeding inhibition by azadirachtin on growth and food consumption of S. littoralis was investigated. The experiments involved returning the larvae to untreated diet after exposure to azadirachtin in order to measure secondary antifeedancy and post-ingestive effects of azadirachtin. It was hoped to elucidate the interaction between feeding behaviour and the growth disruption observed during larval development (Carvalho, 1996) .
Materials and methods

Insects
The University of Southampton supplied Spodoptera littoralis larvae. They were kept individually in plastic pots (3.5 cm diameter X 4.5 cm high) at 26 ± 1°C under a 16L:8D photoperiod, and were given an artificial diet based on dry beans, wheat germ and alfalfa (Carvalho, 1996) . Thirty newly moulted third-instar larvae were transferred to artificial diet with different concentrations of azadirachtin incorporated. A control group was fed on untreated diet. After two days feeding, ali larvae were transferred to plastic pots with untreated diet. The pots were kept upside down to facilitate the collection of faeces.
Azadirachtin
A 10% (w/w) commercial formulation, Aza Powder, supplied by Cardiff Chemicals Ltd, UK was used. The real content of azadirachtin was determined to be 6.7% (w/w) by comparison with 95% (w/w) commercial azadirachtin from Sigma using high performance liquid chromatography. Azadirachtin was then incorporated into artificial diet at 0.0625 ppm a.i. and 0.25 ppm a.i.. In this paper, these are referred to as sublethal concentrations, since they did not cause significant mortality but had affected the development of S. littoralis in previous experiments (Carvalho, 1996) . The azadirachtin was incorporated into the complete artificial diet soon before it solidified, after it had cooled to about 40°C.
Measurements
Length of life stages, food intake, larval weight gain and production of faeces were measured. In order to obtain these data, the larvae were weighed and had their instar determined daily. The maximum weight of a larva during the last larval instar was taken as its final weight. The weight of the diet remaining was recorded at the beginning and again at the end of each instar. The faeces were removed daily and dried at 60°C to constant weight. Ali the analyses of nutritional data were based on dry weights, obtained by multiplying the fresh weights by correction factors estimated both for larvae and ingested food. These correction factors were based on the fresh weight/dry weight ratio of spare insects and diet pots kept at the same conditions as the experiment.
These ratios were calculated separa tely for each instar to accommodate any variations caused by azadirachtin during the larval period. The fourth and fifth instars were, however, evaluated together to reduce larval handling and improve accuracy in the measurement of weight increase of larvae, faeces and food consumption which are ali very small during these instars compared to those in the sixth and seventh.
Nutritional analyses
The assimilation of ingested food (digestibility), as well as the ability to convert ingested and digested food into growth, were evaluated by means of bicoordinate plots (utilization plots) associated with analyses of covariance developed by Raubenheimer & Simpson (1992 , 1994 . The assimilation of food was examined by adjusting the amount of faeces produced with food intake as the covariate. The ability to convert ingested food into growth was examined by correcting larval weight gain with food intake as the covariate. The ability to convert digested food into growth was examined by subtracting the weight of faeces from the weight of ingested food and using the result as a covariate for larval weight gain. The possible effect of variations in initial weight of the larvae prior to the experiment on their final weight was analysed by analysis of covariance (table 1). The covariate effect did not attain statistical significance (at P = 0.05) in any instar and, although both concentrations of azadirachtin significantly reduced the final weight of the larvae, no significant interaction between treatments and initial larval weight could be detected. Therefore, the larval weight gain for use in the covariate analyses (SAS Institute, 1985) was determined by subtracting the initial dry weight from the final dry weight of the larvae. The SAS package gives the significance of the tests in two outputs. The first includes effects of treatments, the effect of the covariate and the interaction between treatments and the covariate. A second output excludes the interaction. If the interaction is significant, then the significance of the other variables is measured from the first output. Otherwise, the significance of treatments and of the covariate is taken from the second output.
Results
Effects of azadirachtin on larval growth and food intake
Both the sublethal concentrations of azadirachtin reduced the amount of food ingested by S. littoralis larvae after treatment at the third instar (table 2a) . At both concentrations, a reduction in food intake (P<0.05) was observed during the fourth + fifth instar, i.e. soon after treatment. The mean dry weight of food consumed by larvae treated with the higher concentration of azadirachtin (0.25 ppm) was about 17% lower than in the control group. During the sixth instar no significant effect was observed. At the seventh instar, although a reduction in food intake was observed among the insects fed on diet treated with 0.0625 ppm, no significant reduction occurred at the higher concentration of 0.25 ppm (P>0.05). Larval weight gain was progressively severely reduced during the fourth + fifth instar as dose increased, reaching a 55.8% reduction at 0.25 ppm azadirachtin (P<0.05) (table 2b) . Growth over the sixth instar was less affected and a reduction was significant only at the highest concentration (P<0.05). At the seventh instar the differences between both treatments and the control were not significant. The duration of larval instars was affected in a different way. The fourth + fifth instar was slightly extended at the highest concentration of azadirachtin (P<0.05) (table 2c). The subsequent instars showed a delay (P<0.05) with increasing azadirachtin concentration, though the increase for the seventh instar between 0.0625 and 0.25 ppm azadirachtin was not statistically significant.
Food intake and, to a greater degree, larval weight gain were reduced soon after the third instar larvae had fed on diet treated with azadirachtin. During larval development weight gain reverted to values closer to those obtained for control larvae. In contrast, the duration of larval instars showed an increasing effect of the compound with successive instars (table 2). Fig. 1 . Relationship between food intake and larval growth for Spodoptera littoralis during different larval instars after third instar larvae had fed on diet treated with sublethal concentrations of azadirachtin for two days (n = 30). -♦-, 0 ppm a.i.; -D-, 0.0625 ppm a.i.; -▲-, 0.25 ppm a.i.
Post-ingestive effeets of azadirachtin
Not only was the food intake of the larvae treated with azadirachtin at the third instar reduced, but also (and more obviously) the larvae showed a reduced weight gain in their instars immediately after treatment.
It therefore appears that azadirachtin decreased their ability to convert ingested food into growth.
This was tested by utilization plots ( fig. 1 ) and analysis of covariance (table 3) . Food intake was used as the covariate, with larval weight gain as the dependent variable. A highly significant effect of the covariate was observed in ali instars. This showed that growth depended on the amount of food ingested by the larvae, but more importantly that the relationship between food intake and growth was altered with Table 3 . Table of the analysis of covariance for larval growth adjusted by food intake, taken during different larval instars after third instar Spodoptera littoralis larvae had fed on diet treated with sublethal concentrations of azadirachtin for two days. Table 4 . Table of the analysis of covariance for faeces production adjusted by food intake, taken during different larval instars after third instar Spodoptera littoralis larvae had fed on diet treated with sublethal concentrations of azadirachtin for two days.
Food intake (mg) Fig. 2 . Relationship between food intake and production of faeces of Spodoptera littoralis during different larval instars after third instar larvae had fed on diet treated with sublethal concentrations of azadirachtin for two days (n = 30). -♦-, 0 ppm a.i.; -D-, 0.0625 ppm a.i.; -▲-, 0.25 ppm a.i. azadirachtin concentration. Third-instar larvae treated with 0.25 ppm azadirachtin were considerably less efficient at converting intake to growth than those treated with the lower concentration, over the same range of food intake. Such lower efficiency of food conversion was again most pronounced during the fourth + fifth instar and faded thereafter.
This raises the question as to why conversion efficiency of ingested food was affected? Either: (i) larvae given azadirachtin were less able to digest and absorb nutrients from the food; (ii) such larvae were less able to convert absorbed nutrients to growth; or (iii) both.
The first hypothesis could be tested with the utilization plots and the analysis of covariance, with food intake as the covariate for faecal production ( fig. 2; table 4) . No interactions between azadirachtin treatment and food intake were observed for any larval instar. Hence neither digestion nor absorption efficiency were affected by early azadirachtin treatment.
However, when growth was plotted against digested food (food intake -faeces) ( fig. 3 ) an effect of azadirachtin treatment was apparent which declined with instar. The analysis of covariance in table 5 confirmed the significant interaction between treatment and the covariate. Thus azadirachtin did influence efficiency of conversion of digested /absorbed nutrients to growth in S. littoralis larvae.
Azadirachtin treatment impeded food intake and the ability of larvae to convert digested nutrients into growth, but did not influence digestion efficiency. This influence declined with time once azadirachtin treatment ceased.
The analyses highlight the importance of using a reasonably detailed temporal resolution. Using total time from end of treatment until pupation would have missed the key phenomenon, namely the time-dependent recovery following azadirachtin treatment, which progresses at the greatest rate after the fourth + fifth instar.
Discussion
Spodoptera littoralis consumed less food after feeding on diet treated with azadirachtin for two days as third instar larvae than did control larvae. This confirmed a secondary antifeedant effect of azadirachtin, since the results were obtained after the insects had been transferred back to diet without azadirachtin. Spodoptera littoralis fed on a sublethal concentration of cyfluthrin similarly showed reduced food Table 5 . Table of the analysis of covariance for larval growth adjusted by digested food a , taken during different larval instars after third instar Spodoptera littoralis larvae had fed on diet treated with sublethal concentrations of azadirachtin for two days. Fig. 3 . Relationship between digested food (food intake-faeces) and larval growth of Spodoptera littoralis during different larval instars after third instar larvae had fed on diet treated with sublethal concentrations of azadirachtin for two days (n = 30). -♦-, 0 ppm a.i.; -D-, 0.0625 ppm a.i.; -▲-, 0.25 ppm a.i. intake and growth and a delay in development (Bernard & Lagadic, 1993) . However, after larvae were removed from diet treated with cyfluthrin, they showed a significant increase in feeding activity. This compensatory feeding behaviour, which also commonly occurs in insects in response to nutrient-deficient diets (Deecher et ai, 1990; Simpson & Simpson, 1990; Slansky, 1993) , was not observed here with azadirachtin.
The secondary antifeedant effects exerted by azadirachtin (Mordue (Luntz) et ai, 1985; Rembold, 1989) seem to vary with species. It was not observed in M. sexta (Timmins & Reynolds, 1992) or in P. saúda (Koul & Isman, 1991) . Also, such effects seemed to be greater at the higher than the lower dose, as reported for Spodoptera exempla (Walker) (Lepidoptera: Noctuidae) after topical application of azadirachtin (Tanzubil & McCaffery, 1990) . Spodoptera littoralis seems very sensitive to the antifeedant effects of azadirachtin, since a reduction in food intake was observed here even at sublethal concentrations. Barnby & Klocke (1987) attributed this secondary feeding inhibition to a direct action of azadirachtin on the 'centres that control feeding and metabolism'.
Although azadirachtin treatment decreased food intake by S. littoralis larvae, this reduction alone would not explain the pronounced inability of the larvae to gain weight in the instars immediately after treatment. Reductions in weight gain were also observed in the sixth instar, but accompanied by no reduction in food intake. This phenomenon has also been reported for Locusta migratória migratorioides (Reiche & Fairmaire) (Orthoptera: Acrididae) (Sieber & Rembold, 1983) , Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) (Ayyangar & Rao, 1989; Ramachandran et ai, 1989) and S. exempta (Tanzubil & McCaffery, 1990) .
Thus, in S. littoralis, growth disruption effects seem to be determined not only by feeding inhibition but also for effects independent of food intake.
Sublethal concentrations of azadirachtin did not affect digestibility in S. littoralis. Similar results were reported for P. saucia feeding on diet treated with azadirachtin (Koul & Isman, 1991) and for M. sexta after injection of the compound (Timmins & Reynolds, 1992) . In contrast, Heliothis virescens (Fabricius) (Lepidoptera: Noctuidae) larvae reared on artificial diet with incorporated azadirachtin showed increased digestibility (Barnby & Klocke, 1987) . These authors suggested that such an effect could be connected with a decreased rate of the passage of the food in the gut due to lack of tone in the muscles, caused by azadirachtin (Mordue (Luntz) et ai, 1985) . However, the effects of azadirachtin on food metabolism are not yet clear. Slansky & Wheeler (1991) and Slansky (1993) suggested that digestibility may not, after ali, be closely connected with retention time of food in the gut. Adverse effects of azadirachtin on midgut epithelial cells, which might disrupt enzyme secretion and nutrient absorption, have been reported (Nasiruddin & Mordue (Luntz), 1993) .
The ability to convert food into biomass was reduced after third instar S. littoralis larvae were fed on diet treated with azadirachtin for two days and this could have affected growth. Timmins & Reynolds (1992) attributed a similar reduction in the effiriency of food utilization following M. sexta treatment with azadirachtin to increased energetic costs arising from a reduced ability to utilize dietary nitrogen, which would not necessarily interfere with absorption from the gut (digestibility). They hypothesized that, in the absence of an adequate supply of amino acids, other nutrients then in excess for growth might be diverted into other metabolic pathways. Other authors have proposed that such other pathways might include those involved in detoxification of allelochemicals such as azadirachtin (Arnason et ai, 1985; Barnby & Klocke, 1987; Tanzubil & McCaffery, 1990) , since induction of detoxifying enzymes accounts for part of the increased food requirement of treated insects (Brattsten & Wilkinson, 1973; Schoonhoven & Meerman, 1978) .
The reductions in food intake and in the ability to convert food into biomass shown here would eventually have extended the development time of the larvae. According to Calvez (1981) the hormonal mechanisms, which directly or indirectly control the development of most animais, can be partly regulated by exogenous factors like food intake.
The effects on the nutritional responses of S. littoralis were more pronounced at the instars immediately after the treatment than later, when a recovery of normal behaviour occurred. However, the opposite was observed with the delays in larval development.
Since higher concentrations of azadirachtin than used in these food intake studies could cause moulting disruption in the species (Carvalho, 1996) , it seems that an interference of the compound on the hormonal system of the insect might be involved. Sieber & Rembold (1983) compared the effects of azadirachtin on L. migratória nymphs with effects of starvation and proved that moulting inhibition was due to azadirachtin treatment. In addition, the action of azadirachtin on endocrine events, and not accompanied by a reduction in food intake, was demonstrated for M. sexta by Haasler (1984) and Pener et ai. (1988 Pener et ai. ( , 1990 , by treating larvae with azadirachtin after feeding had ceased before pupation. Thus, besides the lack of adequate food intake and impaired metabolism following azadirachtin treatment, it is possible that sublethal concentrations fed to S. littoralis affected the endocrinal events to a small extent, manifested by delays in insect development.
